Abstract: Somatic stem cells are rare cells with unique properties residing in many organs and tissues. They are undifferentiated cells responsible for tissue regeneration and homeostasis, and contain both the capacity to self-renew in order to maintain their stem cell potential and to differentiate towards tissue-specific, specialized cells. However, the knowledge about the mechanisms controlling somatic stem cell fate decisions remains sparse. One mechanism which has been described to control daughter cell fates in selected somatic stem cell systems is the process of asymmetric cell division (ACD). ACD is a tightly regulated and evolutionary conserved process allowing a single stem or progenitor cell to produce two differently specified daughter cells. In this concise review, we will summarize and discuss current concepts about the process of ACD as well as different ACD modes. Finally, we will recapitulate the current knowledge and our recent findings about ACD in human hematopoiesis.
The Fate of Somatic Stem Cells is Tightly Controlled
Somatic stem cells are undifferentiated cells, which are required for tissue and organ regeneration and homeostasis. They are capable of differentiation towards multiple cell types of the corresponding tissue, thereby providing a means for replacing lost cells, regenerating damaged tissue and the natural tissue turnover. To perpetuate tissue regeneration and homeostasis during the entire life span of an organism, the pool of somatic stem cells has to be kept relatively constant in a highly controlled manner [1] . Uncontrolled expansion of stem cells could result in tumor formation [2] [3] [4] , whereas decreased self-renewal or a bias towards differentiation could lead to tissue degeneration [5] [6] [7] as observed during aging. Thus, the stem cell fate decision between differentiation and self-renewal has to be highly regulated. It is an important issue in stem cell biology to unravel the underlying mechanisms. Elaborated knowledge in this context will certainly help to improve approaches in regenerative medicine and anti-tumor therapies. Even though the mechanisms behind cell fate decisions are incompletely understood, there is emerging evidence that the process of asymmetric cell division (ACD) provides an evolutionary conserved mechanism to regulate cell fate decisions in a number of different somatic stem cell systems in an intrinsic manner. Other processes involved in stem cell fate regulation comprise extrinsic cues provided by tissue-specific, specialized microenvironments being required for stem cell self-renewal, so-called stem cell niches [8] [9] [10] . Here, we summarize and discuss different types of ACD in model organisms and human hematopoiesis.
The Process of Asymmetric Cell Division
Stem cells can either divide symmetrically or asymmetrically. In a symmetric cell division (SCD), the mother cell creates two daughter cells with equal cell fates ( Figure 1a) . In contrast, an ACD is defined as cell division creating two qualitatively distinct daughter cells (Figure 1b) . Differences can be mediated by asymmetric distribution of so-called cell fate determinants, e.g., membrane components, cell organelles, cytosolic components or proteins [1] . Generally, ACD is a fundamental process for controlling cell fates in somatic stem cell and developmental biology. In this process, a potential cell fate-determining factor needs to exceed a critical level of asymmetry to trigger a cell-fate decision. The asymmetric distribution to one daughter cell and not the other generally does not have to be perfect as long as the critical level of the respective factor (probably being different dependent on factor type and stem cell system) is accumulated in one and not in the other daughter cell.
While most studies on ACD focus on proteins acting as cell-fate determinants, asymmetric segregation of mRNA molecules was also found to regulate the decision between stem cell maintenance and differentiation, for example in mouse radial glial cells [11, 12] . Recently, the asymmetric segregation of aged mitochondria was observed in human mammary stem-like cells. Here, the daughter cell receiving fewer aged mitochondria retains stem-like cell properties [13, 14] . This shows that apart from proteins also other cell-intrinsic factors, like mitochondria or mRNA, can be distributed asymmetrically and act as cell-fate determinants. Following ACD of a stem cell, the presence or absence of the respective cell fate determining factor results in the activation or continuation of multifaceted (and poorly understood) programs. In turn, this can change the transcription and/or the epigenetic profile of the daughter cells. In this context, there are different concepts of whether the daughter cell, which inherited lesser amounts of a given cell fate determining factor, re-synthesizes this factor or changes its transcription. Additionally, other factors, e.g., extrinsic signals, might influence or regulate the outcome of the cell intrinsic cell-fate determination by ACD.
In recent years, there is accumulating evidence that ACD is an important mechanism for cell fate regulation in mammalian somatic stem cell systems. Up to now, the process of ACD has been barely analyzed and understood in mammals, especially in humans, but was studied extensively in different model organisms.
Asymmetric Cell Division in Model Organisms
Much of our current knowledge about ACD and its importance for stem cell fate specification has come from studies analyzing the development of model organisms, mainly the nematode Caenorhabditis elegans and the fruit fly Drosophila melanogaster. Here, we will briefly summarize three prominent examples which will illustrate the parallels and the differences of ACD regulation in different stem cell systems.
During embryogenesis of C. elegans, the zygote undergoes a series of ACDs. The zygote divides asymmetrically, resulting in the formation of a smaller posterior (P1 cell) and a larger anterior blastomere (AB cell). The localization of so-called P-granules to the posterior pole of the zygote determines the posterior cell as founder cell of the germline, while the AB cell does not inherit germline potential (Figure 2a , [15] [16] [17] [18] ). Genetic screens in this model have led to the identification of various factors regulating the asymmetric segregation of the P-granules, including proteins regulating cell polarity [19] . In Drosophila, cell polarity organizing proteins were also found to regulate ACD of the neuroblast, a neural stem cell. Upon delamination of the neuroblast from the neuro-ectodermal epithelium, the maintenance of apico-basal cell polarity is required for the localization of the cell fate determinants Numb and Prospero at the basal membrane of mitotic neuroblasts and the proper orientation of the mitotic spindle [20, 21] . The daughter cell inheriting Numb and Prospero becomes specified to differentiate, whereas the second daughter cell with low levels of these factors remains a neuroblast ( Figure 2b , [22] [23] [24] [25] [26] [27] ).
The third example, the development of the peripheral nervous system of Drosophila, provides an excellent model that illustrates how extrinsic signals and ACD can orchestrate cell fate decisions. Each mechanoreceptor, the bristles, on the surface of an adult Drosophila fruit fly is created by a given sensory-organ precursor cell (SOP), which repetitively divides asymmetrically in a stereotypical manner (Figure 2c ). At first, SOPs divide asymmetrically into the pIIa and pIIb daughter cells. The factor Numb is inherited by the pIIb cell, where it promotes the endocytosis and degradation of Notch, thereby removing Notch receptors from the pIIb membrane [28] [29] [30] [31] [32] [33] [34] . In consequence, the Notch signaling pathway is only activated in the pIIa cell. Using the same regulatory mechanism, the pIIa gives rise to a hair as well as a socket cell and the pIIb cell creates a glia cell, which undergoes apoptosis, and a pIIIb cell, which further divides asymmetrically to create the sheath cell and the neuron (reviewed comprehensively in [35, 36] ).
General Concepts for Divisional Modes in Stem and Progenitor Cells
According to the cell-fate determining mechanisms in C. elegans and Drosophila mentioned in the previous paragraph, two different types of ACD can be distinguished: asymmetric renewal and asymmetric differentiation. In the asymmetric renewal type (like in the Drosophila neuroblast ACD), the dividing stem cell gives rise to one committed daughter cell while the other retains the stem cell potential (Figure 3a) . In contrast, during asymmetric differentiation like in the SOP, ACD creates two committed daughter cells with distinct potentials, resulting in the loss of the initial stem cell-like potential (Figure 3b ). In addition to ACD, SCD can control stem cell fates. Again, two different modes can be discriminated: symmetric renewal and symmetric differentiation. In case of symmetric renewal, the stem cell divides to create an equal pair of daughter cells, both retaining the mother cell's potential (Figure 3c ). Finally, a dividing stem cell giving rise to two equal daughter cells both being specified for differentiation towards the same cell fate would be symmetric differentiation (Figure 3d ). In general, symmetric renewal can be assumed to increase the stem cell pool, whereas asymmetric renewal can simultaneously maintain the stem cell pool and facilitate differentiation [37, 38] .
Cell Polarity as a Prerequisite for ACD
As briefly mentioned above (see Chapter 3), the establishment of cell polarity and the definition of a polarity axis are important prerequisites for ACD. In general, cell polarity comprises morphological as well as intra-cellular properties [39] . In order to establish cellular polarity, different filaments, e.g., actin and tubulin filaments, form a highly dynamic and physical resistant network organizing and shaping the cell. In fact the localization and organization of all cell components (e.g., nucleus, cell membrane and organelles) is impressively structured. The following steps are essential in order to realize a proper ACD. At first, a cell polarity axis has to be defined. Subsequently, cell fate determinants have to be located according to the defined cell poles. Next, during mitosis, the spindle apparatus needs to be orientated according to the pre-established axis to ensure the segregation of the cell-fate determinants to mainly one of the two daughter cells, respectively. Finally, the two daughter cells have to be separated successfully by means of cytokinesis [1] .
Genetic screens in C. elegans revealed defects impairing the initial ACD of the zygote and corresponding genes were called partitioning defect (par) genes [19] . Several of these PAR proteins, e.g., Par3 and Par6, were found to be part of the cell polarity machinery. In C. elegans, Par3 and Par6 form a complex with an atypical protein kinase C (aPKC) that concentrates in the anterior half of the embryo maintaining the anterior-posterior polarity axis [40, 41] . The zygote of C. elegans divides along an anterior-posterior axis [15] [16] [17] [18] , whereas the Drosophila neuroblast segregates along an apico-basal axis [20, 21] . The SOP and the pIIa cell divide along an anterior-posterior axis whereas the pIIb and pIIIb have an apico-basal separation axis [34] . The distinct orientations suggest a regulating impact of cell polarity which can be influenced by cell-cell contacts. Indeed, extensive studies of the Par/aPKC complex (reviewed in [42] ) in C. elegans and Drosophila showed its essential functions in the three presented cellular models for ACD [40, 43, 44] .
ACD in Human Hematopoiesis
Even though studies in model organisms have shed light on the regulation and have uncovered different modes of ACD, knowledge about its role in mammalian and especially human somatic stem cells remains sparse. So far, the hematopoietic stem cell (HSC) system is the best investigated human somatic stem cell system. HSCs are able to accomplish the dual task of self-renewal during the complete lifespan of an individual organism, and to develop all differentiated blood cell types. However, our understanding about the mechanisms regulating the cell fate of HSCs is fragmentary.
Regarding the regulation of such cell fate decisions, the previously mentioned stem cell niches were first described to consist mainly of osteoblasts in the endosteum of the bone marrow and sinusoidal endothelial cells in the spleen and bone marrow [45] [46] [47] . More recently, it was shown that mesenchymal stromal cells and endothelial cells contribute to the HSC niche as well [48] [49] [50] . These findings, including current controversies, are comprehensively discussed in numerous excellent reviews dealing about HSC niches [8, 10, 51, 52] .
In addition, it has been widely assumed since many years that HSCs divide asymmetrically to give rise to one daughter cell that retains the stem cell potential and to another cell being committed to differentiation [37, 38, 53] . This assumption was initially based on the outcome of so-called paired daughter cell experiments. Different groups separated daughter cells of single human hematopoietic stem and progenitor cells (HSPCs), and consistently reported that in 20%-40% of the cases both daughter cells showed different proliferation rates and differentiation capacities [54] [55] [56] [57] . Even though this functional asymmetry of arising daughter cells was explained by ACD, theoretically it could have been established by post-mitotic communication processes between identical daughter cells [1] . Thus, it was a question whether HSPCs indeed can divide asymmetrically [55] . Focused on this question, our group started to search for asymmetrically segregating marker proteins.
Identification of ACD Markers in Human Hematopoiesis
Considering that asymmetrically dividing cells need to be polarized, we initially focused on cell polarity cues in human HSPCs and identified a number of proteins that were localized at higher concentrations at the one or the other pole of cytokine-stimulated HSPCs [39, 58] . However, upon studying these cell polarity markers in mitotic HSPCs including the stem cell marker CD133/Prominin-1, we did not observe any indication for an asymmetric segregation of any of these markers [59] .
In our studies, we and others had observed that most freshly isolated HSPCs express high levels of the protein CD133 (CD133 + ) on their cell surface [55, 60, 61] . Upon cultivation and the onset of cell division a proportion of HSPCs with strongly decreased levels of CD133 cell surface expression (CD133 low ) arises (approx. 40% after cultivation for 50-60 h) and increases over time [1, 55, 58, 59] . Since the observed kinetics corresponded to a speculative model proposing that CD133 negative cells can only arise as a result of ACD-which in relation to the paired daughter cell assays was assumed to have a frequency of 30%-we searched for other cell surface markers being differently expressed on CD133 + and CD133 low cells. In a subsequent flow-cytometric screen, we identified four markers (CD53, CD62L, CD63 and CD71) that were differently expressed on cells of both populations. Upon studying their subcellular distribution in dividing HSPCs, we observed (in good agreement with the hypothesis) asymmetric distribution of all four markers in 20%-30% of the mitotic cells and demonstrated for the first time that primitive human HSPCs indeed can divide asymmetrically [59] .
Interestingly, three of these four identified proteins, CD53, CD63 and CD71, were linked to the endosomal compartment, which plays an important role in the molecular trafficking within cells. In addition, endosomes were found to segregate asymmetrically in developing C. elegans embryos [62] . Thus, the asymmetric segregation of endosomes might provide a more general and evolutionary conserved mechanism in ACD. This idea has been reviewed and discussed at greater detail in [63] [64] [65] .
Since differences between CD133 + and CD133 low populations led to the identification of the first ACD markers in human hematopoiesis, and since it has also been reported that an intracellular portion of CD133 does segregate asymmetrically in a proportion of human HSPCs [65] , we continued to investigate the relevance of CD133 surface expression in human hematopoiesis. First, we comprehensively analyzed the differentiation potential of HSPC subsets differently expressing CD133 on their surface, which led to the discovery of new and unexpected lineage relationships in human hematopoiesis [66] [67] [68] . According to this revised model of human hematopoiesis (Figure 4a MPPs divide asymmetrically with regard to CD133 to create two daughter cells, a lymphomyeloid-primed progenitor (LMPP) and an erythromyeloid-primed progenitor (EMP) [67, 69] ; (b) Hypothetical model assuming the existence of further ACD during human hematopoiesis. In addition to the asymmetric differentiation mode described in (a), there are probably further branching points being regulated by ACD, e.g., the previously postulated asymmetric renewal type of ACD [37, 38, 53, 70] Since the kinetics of CD133 expression initially enabled us to discover the asymmetrically segregating proteins, we investigated whether LMPPs and EMPs arise by means of ACD of MPPs, next. In previous studies we noticed that the CD133 epitopes that are recognized by classically used anti-CD133 antibodies (AC133, AC141), which previously had shown symmetric CD133 distributions in mitotic HSPCs [59] , are sensitive to fixation [58] . Additionally, both AC133 and AC141 have been reported to recognize glycosylation-dependent residues on the extracellular domains of CD133 [60, 71] . When we tested a novel anti-CD133 antibody (HC7) reported in 2010 to bind glycosylation-independent protein residues of CD133 and being insensitive to fixation [72] , we found clear asymmetric HC7 epitope distributions in approximately 30% of the mitotic human HSPCs [69] . Using fluorescence-labeled anti-CD133 (HC7) antibodies combined with time-lapse fluorescence microscopy, we developed single cell assays to study the mitotic distribution of CD133 on viable, dividing human MPPs, and the cell fate of both paired daughter cells, respectively. In this study, we demonstrated that with regard to the subcellular distribution of CD133 most human MPPs divide asymmetrically. The daughter cells receiving higher amounts of CD133 during ACD acquire LMPP-like potentials, while the daughter cells receiving lower amounts of CD133 are specified towards the erythromyeloid lineage (Figure 4a ; [69] ).
In summary, our data show that the initial lineage separation of lymphomyeloid and erythromyeloid lineages in human hematopoiesis is realized through ACD. Since we very rarely observed MPPs creating daughter cells with MPP potentials, we assume that under conventional culture conditions, ACD in human hematopoiesis rather follows the asymmetric differentiation type than the asymmetric renewal type. However, it still remains an open question whether ACDs are involved at other branching points of the human hematopoietic tree. It might be possible that HSPCs showing symmetric segregation of CD133 still divide asymmetrically, for example HSCs might create one HSC and one MPP (Figure 4b ). To learn whether such self-renewing ACDs occur, additional asymmetrically segregating markers need to be identified. Future studies might indicate whether ACDs in human hematopoiesis also can be self-renewing [69] .
Outlook
In general, our knowledge about the role of ACD in regulating somatic cell fate decisions is relatively sparse, and especially in humans limited to few stem cell systems. A main reason probably is that the analysis of single somatic stem cells is methodologically and technically challenging, mainly because of the relatively short time frame of mitosis. Technical advances of imaging systems and the application of new biological tools or probes to visualize ACD in living cells (like the fluorescence-labeled anti-CD133 antibodies described above) hopefully will make such studies more feasible in the future.
